+ ,K + -ATPase (NKA) is required to generate the resting membrane potential in neurons. Nociceptive afferent neurons express not only the α and β subunits of NKA but also the γ subunit FXYD2. However, the neural function of FXYD2 is unknown. The present study shows that FXYD2 in nociceptive neurons is necessary for maintaining the mechanical allodynia induced by peripheral inflammation. FXYD2 interacted with α1NKA and negatively regulated the NKA activity, depolarizing the membrane potential of nociceptive neurons. Mechanical allodynia initiated in FXYD2-deficient mice was abolished 4 days after inflammation, whereas it persisted for at least 3 weeks in wild-type mice. Importantly, the FXYD2/α1NKA interaction gradually increased after inflammation and peaked on day 4 post inflammation, resulting in reduction of NKA activity, depolarization of neuron membrane and facilitation of excitatory afferent neurotransmission. Thus, the increased FXYD2 activity may be a fundamental mechanism underlying the persistent hypersensitivity to pain induced by inflammation. Keywords: FXYD2; Na 
Introduction
The Na + ,K + -ATPase (NKA, Na + /K + pump) expels three Na + ions in exchange for two K + ions and derives energy from the hydrolysis of an ATP molecule. This maintenance of the Na + and K + gradients across the plasma membrane is required to generate the resting membrane potential in neurons. The minimum functional unit of NKA is a heterodimer of α and β subunits. The catalytic, transport and pharmacological properties of NKA reside in the α subunit, while β subunit is required for the efficient expression of α subunit and assembly of functional NKA [1, 2] . Four isoforms of the α subunit (α1-α4) and three isoforms of the β subunit (β1-β3) are expressed in a tissue-and cell-dependent manner in mammals [2, 3] . NKA activity is regulated by direct modulators ATP, Na + and K + and indirect modulators (catecholamines, insulin, angiotensin II and morphine) through receptor-mediated mechanisms [4] . NKA can be inhibited by plant cardiac glycosides such as ouabain and digoxin [5] and digitalis-like steroid hormones released from the adrenal gland [6] . Recent studies show that the α1 subunit-containing NKA (α1NKA) can be activated directly by an endogenous protein, follistatin-like 1 (FSTL1) [7, 8] .
FXYD proteins are single transmembrane proteins and contain an FXYD motif near the N-terminus [9, 10] . FXYD proteins bind to the α subunit and modify transport properties of NKA in a tissue-and isoform-specific way [10, 11] . Seven FXYD proteins (FXYD1-7) have been found in mammals [10] . FXYD2 was originally characterized as a small acidic proteolipid that co-purified with renal NKA [12] . FXYD2 was then found to be expressed in the distal convoluted tubule of kidney [13] and was shown to reduce the affinity of NKA for both npg www.cell-research.com | Cell Research Na + and K + in renal cells [13] [14] [15] . Therefore, we investigated whether FXYD2 can regulate neuronal activity by modulating NKA activity.
Small-diameter neurons of the dorsal root ganglion (DRG) give rise to unmyelinated (C-fibers) and thinly myelinated axons (Aδ-fibers) that terminate in laminae I-II of the spinal cord. These axons convey the somatic sensory signals generated by nociceptors, thermoreceptors and sensitive mechanoreceptors [16] [17] [18] . The α1, α3 and β1 subunits of NKA are expressed in the DRG [19, 20] . The α1 subunit is present in both small and large DRG neurons, whereas the α3 subunit is mainly distributed in large neurons [21] . The membrane current produced by NKA activity in DRG neurons is primarily mediated by the α1NKA [22] . Recent studies show that an endogenous activator, FSTL1, can be released from nociceptive afferent terminals and activate presynaptic α1NKA and suppress excitatory synaptic transmission, resulting in the negative regulation of nociceptive responses. Therefore, the regulation of NKA activity in nociceptive afferent neurons may be an important mechanism for modulating pain sensation. Our previous microarray analysis revealed FXYD2 as one of the genes expressed at a high level in the DRG [7] . A recent study reports that FXYD2 is expressed in the isolectin B4 (IB4)-positive (non-peptidergic) subset of small DRG neurons [23] . However, the functions of FXYD2 in somatosensory neurons remain unknown.
The present study shows that FXYD2 negatively regulates the activity of NKA, depolarizing the membrane potential of small DRG neurons. In the persistent inflammatory pain model induced by intraplantar injection of complete Freund's adjuvant (CFA), the FXYD2/α1NKA interaction increased, thereby maintaining the inflammation-induced membrane depolarization of small DRG neurons, as well as facilitating afferent synaptic transmission and long-lasting mechanical allodynia. Therefore, FXYD2 contributes to the inflammation-induced persistent pain hypersensitivity.
Results

FXYD2 is expressed in subsets of small DRG neurons
Microarray analysis showed a high level of FXYD2 mRNA in the DRG [7] . Next, the expression levels of FXYD2 in the mouse tissues were studied with real-time PCR. The highest level of FXYD2 mRNA was found in the kidney (data not shown), consistent with the microarray analysis and previous reports [10] . In the nervous system, the highest level of FXYD2 mRNA was found in the DRG ( Figure 1A) .
In situ hybridization showed that 47.4% of DRG neurons in lumbar (L) 4 and L5 DRGs contained FXYD2 mRNA ( Figure 1A ). These FXYD2 mRNA-containing neurons were small neurons (cross-sectional area of neuron profiles < 600 µm 2 ; Figure 1B ). FXYD2 mRNA was found in 58.1% of small DRG neurons (n = 2 685). Using in situ hybridization combined with immunostaining, we further found that 80.6% of FXYD2 mRNA-containing neurons (n = 2 123) were peripherin-immunoreactive small DRG neurons, and 77.1% of peripherin-positive small DRG neurons (n = 2 218) expressed FXYD2 ( Figure  1C ). Only 3.0% of FXYD2 mRNA-containing DRG neurons (n = 2 415) were neurofilament 200 (NF200)-positive, and 3.4% of NF200-positive neurons (n = 2 133) expressed FXYD2 ( Figure 1C) .
Small DRG neurons are often classified into peptidergic and IB4-positive (non-peptidergic) subsets. We observed that more than half of FXYD2 mRNA-containing neurons (55.2%, n = 2 804) were IB4-positive, and 81.6% of IB4-positive neurons (n = 1 434) expressed FXYD2 ( Figure 1C and 1D) . Subpopulations of IB4-positive small DRG neurons expressed either MAS-related G-protein-coupled receptor member D (MRGPRD) or member B4 (MRGPRB4) [24] . FXYD2 mRNA was present in the subpopulations containing MRGPRD mRNA or MRGPRB4 mRNA ( Figure 1C ). We also found that 22.4% of FXYD2 mRNA-positive neurons (n = 1 691) contained neuropeptide calcitonin gene-related peptide (CGRP), and 24.9% of CGRP-immunoreactive small DRG neurons (n = 1 086) expressed FXYD2 ( Figure 1C and 1D). Furthermore, FXYD2 mRNA was also found in the tyrosine hydroxylase (TH) mRNA-containing subset of small DRG neurons ( Figure 1C and 1D) , which are also IB4-negative [25] . Therefore, FXYD2 is expressed in both IB4-positive and TH-containing subsets of small DRG neurons and in some peptidergic small DRG neurons under normal circumstances.
Immunoblot analysis showed that FXYD2 (~7 kDa) was present in the dorsal horn of spinal cord (Figure 2A ), although FXYD2 mRNA was absent in the dorsal spinal cord ( Figure 1A) . To confirm the transport of FXYD2 from the neuron soma in the DRG to the dorsal spinal cord, the dorsal roots were transected. Three days after surgery, the proteins in the spinal dorsal horn were examined with immunoblotting. The FXYD2 level in the ipsilateral dorsal horn of spinal cord was lower than that in the contralateral dorsal horn ( Figure 2B ), indicating that FXYD2 synthesized in small DRG neurons is transported to the dorsal horn of spinal cord.
FXYD2 interacts with the α1 subunit and negatively regulates NKA activity
The cellular relationship between FXYD2 and the α1 subunit of NKA in the DRG was analyzed with in situ double hybridization. We found that almost all small DRG neurons containing FXYD2 mRNA also expressed the α1 subunit mRNA ( Figure 2C ). Co-immunoprecipitation (IP) experiment showed that FXYD2 interacted with the α1 subunit of NKA in the lysate of mouse DRGs (Figure 2D) . Thus, there is a cellular basis for the FXYD2/ α1NKA interaction in nociceptive afferent neurons.
We then used a cell line to investigate whether FXYD2 regulated the NKA activity. RT-PCR showed that FXYD2 mRNA was not detected in COS7 cells (data not shown), which contained low levels of mRNAs encoding the α1 and β1 subunits of NKA but no detectable levels of mRNAs for the α2, α3 and α4 subunits [7] . COS7 cells were transfected with a plasmid expressing Myc-tagged FXYD2 at C-terminus (FXYD2-Myc) together with a plasmid expressing Flag-tagged α1 subunit at C-terminus (α1 subunit-Flag). Co-IP showed that FXYD2 interacted with the α1 subunit in the lysate of the transfected COS7 cells ( Figure 2E ). Then, COS7 cells were transfected with the plasmids expressing the α1 and β1 subunits together with the plasmid expressing FXYD2. The NKA activity in the microsome samples prepared from these transfected COS7 cells was measured. A reduction of ~16% (15.6% ± 1.2%, n = 5) in NKA activity was observed in the COS7 cells overexpressing FXYD2 compared with the vector ( Figure 3A) . These results suggest that NKA activity is negatively regulated by FXYD2.
To further confirm the effect of FXYD2 in neurons, we measured the NKA activity in the DRGs of FXYD2-knockout (Fxyd2 −/− ) mice. Immunoblotting and immunostaining showed that FXYD2 was absent in the DRG of Fxyd2 −/− mice ( Figure 3B ). The expression of the α1 subunit of NKA in DRGs of Fxyd2 −/− mice was not obviously different from that of wild-type (Fxyd2 Figure 3B ). The NKA activity was ~19% higher (18.9% ± 4.1%, n = 3) in the microsome prepared from the DRGs of Fxyd2 −/− mice than that from the Fxyd2 +/+ littermates ( Figure 3C ). These results indicate that NKA activity can be negatively regulated by FXYD2 in small DRG neurons. Additional expression of FXYD2 did not markedly affect the FSTL1-induced facilitation of NKA activity in the COS7 cells expressing the α1 and β1 subunits of NKA ( Figure 3A , n = 3; Figure 3C ). These data suggest that FXYD2 is not directly involved in the FSTL1-induced activation of α1 subunit of NKA. Therefore, α1NKA activity can be regulated independently by FXYD2 and FSTL1.
Loss of FXYD2 hyperpolarizes the membrane potential in small DRG neurons
Given that FXYD2 negatively regulated the activity of NKA, we further examined whether FXYD2 regulated the electrical properties of the neuronal plasma membrane, by using whole-cell patch clamp recording. To induce a single action potential (AP), a brief current (15 ms, 100 pA) was injected into dissociated IB4-positive small DRG neurons from Fxyd2 +/+ or Fxyd2 −/− mice. Then, we analyzed the parameters such as membrane potential, AP duration and afterhyperpolarization (AHP) duration. All recorded traces from current-clamp recording were averaged, and the traces for Fxyd2 +/+ and Fxyd2 −/− mice were compared ( Figure 3D ). We found that the mean membrane potential changed from −44 mV (−43.9 ± 0.8, n = 63) in IB4-positive small DRG neurons cultured from Fxyd2 +/+ mice to −48 mV (−48.0 ± 0.7, n = 54) in that from Fxyd2 −/− mice ( Figure 3D and 3E), whereas in IB4-negetive, including capsaicin-sensitive, small DRG neurons, the mean membrane potential did not differ significantly between Figure 3F ). Taken together, these results suggest that FXYD2 is required for regulating the membrane potential and the excitability of certain populations of small DRG neurons. However, the effect of FXYD2 on the neuronal excitability may be limited under normal circumstances.
FXYD2 is required for maintaining inflammation-induced mechanical allodynia
We used Fxyd2 −/− mice to test whether FXYD2 is involved in the modulation of nociception. The accelerated rotarod test showed no apparent motor defect in Fxyd2 −/− mice ( Figure 4A ). The radiant heat test and hotplate test showed that the latency to the noxious heat stimulus in ( Figure 4B and 4C), suggesting that FXYD2 is not involved in the regulation of basal thermal nociceptive responses. The von Frey test showed that the mean mechanical threshold was slightly higher in Fxyd2 −/− mice ( Figure 4D ), suggesting that FXYD2 has a limited effect on the basal mechanical nociceptive response.
Next, we examined the FXYD2 function using the formalin test and the CFA-induced persistent inflammation model. We first investigated the effect of FXYD2 loss in acute pain model induced by intraplantar injection with formalin, which causes a stereotypic two-phase pattern of nociceptive response. The Fxyd2 −/− mice did not show any apparent changes in the number of flinches in either the first or second phases of the formalin test ( Figure  4E ).
We then analyzed the nociceptive behavior of Fxyd2 −/− mice 2 days after intraplantar injection of CFA at the hindpaw, and we found that Fxyd2 +/+ and Fxyd2 −/− mice developed thermal hyperalgesia and mechanical allodynia to a similar degree ( Figure 4F and 4G), suggesting that FXYD2 is not required for initiating the inflammatory nociceptive response. On day 4 and day 7 after CFA injection, Fxyd2 −/− mice showed no significant difference in the thermal hyperalgesia from Fxyd2 +/+ mice ( Figure  4F ). Unexpectedly, the inflammation-induced mechanical allodynia was absent in Fxyd2 −/− mice 4 days after CFA treatment, whereas the mechanical allodynia in Fxyd2 +/+ mice lasted for at least 21 days, the longest time interval used in the experiment ( Figure 4G ). Thus, the Fxyd2 −/− mice recovered much more quickly from inflammatory pain than Fxyd2 +/+ mice, suggesting that FXYD2 expressed in small DRG neurons contributes to the maintenance of mechanical allodynia following inflammation.
Increase in the FXYD2/α1NKA interaction after peripheral inflammation
Given that FXYD2 could regulate the inflammation-induced mechanical allodynia, we investigated the mechanism underlying this function. We were particularly interested in the mechanism for the differential action of FXYD2 on day 2 and day 4 post inflammation, because FXYD2 seemed to be mainly involved in the development of mechanical allodynia 4 days after inflammation. First, we tested whether inflammation alters the expression of FXYD2, FSTL1, NKA subunits, and other related molecules in DRG neurons. After intraplantar CFA injection at the hindpaw, the expression levels of the α1, α3 and β1 subunits of NKA, FSTL1 and FXYD2 did not change in L4 and L5 DRGs (Supplementary information, Figure S3A -S3C). The numbers of DRG neurons that expressed FXYD2 and α1NKA appeared unchanged after peripheral inflammation (Supplementary information, Figure S3B ). Furthermore, immunoblotting showed no apparent change in the FXYD2 level in the DRG after peripheral inflammation ( Figure 5A ). Thus, it is unlikely that the action of FXYD2 in inflammatory pain is due to changes in the expression of FXYD2 in DRG neurons.
However, it was interesting that the interaction between FXYD2 and the α1 subunit of NKA gradually increased in the DRGs after peripheral inflammation ( Figure  5A ). This increase in the FXYD2/α1NKA interaction peaked (~6.3 times of the control level) 4 days after CFA injection ( Figure 5B ). On day 14 post inflammation, the FXYD2/1NKA interaction still exhibited an ~4.7-fold increase, although its average level was reduced compared with that on day 4 post CFA injection ( Figure  5B ). Consistent with this finding, we found that the NKA activity gradually decreased in the DRG neurons of Fxyd2 +/+ mice after peripheral CFA treatment. Especially on day 4 post CFA treatment, the NKA activity decreased 14% (13.9% ± 1.5%, n = 6) compared to that in the DRG neurons of Fxyd2 +/+ mice without CFA treatment ( Figure 5C ). Four days after CFA treatment, the NKA activity in the Fxyd2 −/− DRGs was 12% (12.1% ± 0.1%, n = 5) higher than that in the DRG neurons of Fxyd2 +/+ mice without CFA treatment ( Figure 5C ). These results indicate a role of FXYD2 in the inflammation-induced reduction of NKA activity. Taken together, the FXYD2/ α1NKA interaction in the DRG neurons was increased after peripheral inflammation and peaked 4 days after in- flammation, resulting in a decrease in NKA activity.
FXYD2 is required for maintaining the inflammation-induced membrane depolarization and excitability
To examine whether there were changes in the membrane potential of small DRG neurons that was correlated with the increase in the FXYD2/α1NKA interaction, we recorded the membrane potential of small DRG neurons prepared from CFA-treated mice. The mean membrane potential of IB4-positive small DRG neurons dissociated from Fxyd2 +/+ mice gradually changed from −44 mV (44.2 ± 0.9 mV, n = 52) to −40 mV (−40.4 ± 2.2 mV, n = 55) 2 days after CFA treatment and to −39 mV (−39.1 ± 1.2 mV, n = 65) 4 days after CFA treatment ( Figure 5D ), suggesting that peripheral inflammation can induce membrane depolarization in IB4-positive small DRG neurons. In IB4-positive small DRG neurons cultured from Fxyd2 −/− mice treated with CFA for 2 days, the membrane potential was depolarized from −48 mV (−48.0 ± 0.8 mV, n = 54) to −40 mV (−40.2 ± 1.1 mV, n = 49; Figure 5D ). However, 4 days after CFA treatment, the mean membrane potential of cultured IB4-positive small DRG neurons from Fxyd2 −/− mice was more negative (−47.6 ± 0.9 mV, n = 67) than that of IB4-positive small DRG neurons dissociated from Fxyd2 +/+ mice without CFA treatment ( Figure 5D ), leading to membrane hyperpolarization. The time curve of changes in the averaged membrane potential of IB4-positive small DRG neurons dissociated from Fxyd2 −/− mice was correlated with the change in NKA activity ( Figure 5C and 5D ). Therefore, the peak level of FXYD2/1NKA interaction on day 4 post CFA treatment contributes to the membrane depolarization of nociceptive afferent neurons, and loss of the FXYD2-induced negative regulation increases the NKA activity, leading to the membrane hyperpolarization.
To further test whether FXYD2 induced the membrane depolarization through negative regulation of α1N-KA activity in small DRG neurons, we used a high dose of NKA inhibitor ouabain (1 mM) to block the α1NKA activity [22] . Bath-applied ouabain induced a depolarization of ~6 mV (6.1 ± 0.3, n = 4) in the membrane potential of IB4-positive small DRG neurons. Four days after inflammation, the membrane potential of IB4-positive small DRG neurons from Fxyd2 +/+ mice was able to be further depolarized to a small range (3.3 ± 0.5 mV, from −39.1 ± 1.2 to −35.8 ± 1.0 mV, n = 13) by the same dose of ouabain, and the depolarization effect of ouabain was also observed on DRG neurons from Fxyd2 −/− mice (6.7 ± 0.7 mV, from −48.9 ± 1.2 to −42.2 ± 1.1 mV, n = 21; Figure 5E ). Thus, the membrane depolarization observed 4 days after inflammation is attributed to the effect of FXYD2 on α1NKA activity.
Next, we examined the effect of FXYD2 on the excitability of small DRG neurons after peripheral inflammation. The number of IB4-positive small DRG neurons with a low frequency of AP firing (0-3 APs per stimulation) decreased 2 days after inflammation, whereas the number of neurons with higher frequency of AP firing (4-10 APs per stimulation) increased ( Figure 5F ). Such changes became more pronounced 4 days after inflammation ( Figure 5F ). However, loss of FXYD2 reversed these changes on day 4 post inflammation and resulted in more neurons with low frequency of AP firing (0-3 APs per stimulation) compared with control mice ( Figure 5F ). Thus, changes in the membrane potential and excitability of small DRG neurons are highly correlated with the increase in FXYD2/α1NKA interaction and the regulatory effect of FXYD2 on mechanical allodynia after peripheral inflammation.
FXYD2 is required for facilitating afferent synaptic transmission during inflammation
The lamina II in the dorsal horn of the spinal cord receives projections of nociceptive primary afferent axons, including fine myelinated A (Aδ)-and unmyelinated C-afferent fibers. The sensory afferent terminals in the lamina II then form synapses with the local neurons to convey sensory information to the central nervous system. Therefore, the lamina II of spinal cord plays an important role in the modulation of nociceptive synaptic transmission [26, 27] . We then examined the effect of FXYD2 loss on the synaptic transmission between afferent terminals and local neurons in lamina II, which appeared to be a translucent band in the superficial dorsal horn of lumbar spinal cord under the microscope. The recorded spinal lamina II neurons showed sustained firing of APs induced by current injection under a current-clamp mode. We found that the mean frequency of spontaneous excitatory postsynaptic currents (sEPSCs) in Fxyd2 +/+ mice increased 2 and 4 days after CFA treatment, and the mean amplitude of sEPSCs increased 2 days after inflammation ( Figure 6A and 6B) . The mean frequency of sEPSCs in Fxyd2 −/− mice was 58% of the sEPSC frequency in Fxyd2 +/+ mice, and 2 days after inflammation the increase in the sEPSC frequency in Fxyd2 −/− mice was less pronounced than that in Fxyd2 +/+ mice ( Figure 6B ), suggesting that FXYD2 is involved in the regulation of excitatory afferent synaptic transmission. Furthermore, the increase in sEPSC frequency on day 4 post inflammation was absent in Fxyd2 −/− mice ( Figure 6A and 6B), consistent with the marked reduction in nociceptive responses at the same timepoint. The facilitation of afferent synaptic transmission was no longer observed in the spinal cord slices prepared from both Fxyd2 +/+ and Fxyd2 −/− mice 14 days after CFA injection ( Figure 6A and 6B) . Taken together, changes in the afferent synaptic transmission in Fxyd2 −/− mice are highly correlated with the regulatory effect of FXYD2 on the inflammation-induced persistent mechanical allodynia.
Discussion
The present study shows that FXYD2 is expressed in most IB4-positive small DRG neurons and some peptidergic small DRG neurons in mice. FXYD2 interacts with the α1 subunit of NKA and negatively regulates the NKA activity, depolarizing the neuronal membrane potential. Four days after peripheral tissue inflammation, the FXYD2/α1NKA interaction peaks, and this level of interaction is required for maintaining the inflammation-induced membrane depolarization and excitability of the neurons and the facilitation of nociceptive afferent transmission. Persistent mechanical allodynia cannot develop in Fxyd2 −/− mice 4 days after peripheral inflammation. Thus, FXYD2 plays an important role in the mechanism of chronic inflammatory pain.
FXYD2 mediates a distinct mechanism for regulating the activity of NKA in nociceptive neurons
NKA is regulated indirectly by neurotransmitters through receptor-mediated signaling pathways, and is therefore involved in many physiological and pharmacological functions, including opioid receptor-mediated morphine analgesia [28, 29] . Some neurotransmitters can induce the phosphorylation of the α subunit through stimulating protein kinase A or C, thereby modulating the transport properties of NKA [4, 30] . Moreover, NKA may also act as a signal transducer [31] . Our recent studies showed that the α1 subunit of NKA is activated directly by FSTL1 released from the sensory afferent terminals of small DRG neurons, enabling presynaptic inhibition of excitatory neurotransmission. In the present study, we attempted to explore the regulatory effect of FXYD2 on NKA in nociceptive DRG neurons. Previous studies showed that the affinity of the α subunit for Na + and K + was reduced by binding of FXYD2 [13] [14] [15] . We found that NKA activity was suppressed in both exogenous (COS7 cells) and endogenous (DRG neurons of Fxyd2-knockout mice) systems, suggesting that FXYD2 negatively regulates the NKA activity in IB4-positive showed that the interaction between FXYD2 and the α1 subunit of NKA increased gradually after peripheral inflammation and peaked on day 4 after injection. (B) Quantitation showed that the interaction between FXYD2 and the α1 subunit of NKA increased gradually and peaked on day 4 (n = 4, ***P < 0.001). The increased interaction lasted for 14 days, although the average interaction level on day 14 was lower than that on day 4 (n = 3, *P < 0.05). (C) The NKA activity gradually decreased in the DRGs of Fxyd2 +/+ mice treated with CFA for 2 and 4 days (n = 3 for CFA day 2 and n = 6 for CFA day 4, ***P < 0.001 vs Fxyd2 +/+ mice without CFA treatment). However, 4 days after CFA treatment, the NKA activity in the DRGs of Fxyd2 −/− mice was not significantly different from that in the DRGs of Fxyd2 +/+ mice without CFA treatment. The reduction of NKA activity in the DRGs of Fxyd2 +/+ mice was reversed by deletion of Fxyd2 (n = 5, ***P < 0.001 vs Fxyd2 +/+ mice without CFA treatment and ### P < 0.001 vs indicated). (D) Whole-cell patch clamp recording at current-clamp mode showed that the membrane potential of small DRG neurons cultured from Fxyd2 +/+ mice was depolarized after CFA injection (n = 52 for control, n = 55 for CFA 2 days and n = 65 for CFA 4 days, *P < 0.05 and ***P < 0.001 vs Fxyd2 +/+ mice without CFA treatment). The membrane potential of small DRG neurons cultured from Fxyd2 −/− mice was also depolarized 2 days after CFA injection (n = 54 for control and n = 49 for CFA 2 days, ### P < 0.001 vs indicated). However, 4 days after CFA injection, the depolarized membrane potential was reversed in small DRG neurons of Fxyd2 −/− mice (n = 67 for CFA 4 days; N.S., non-significant difference). The data were shown as the change of membrane potential and statistic analysis was performed for the membrane potential between the indicated groups. (E) Bath-applied ouabain (1 mM) depolarized the membrane potential of small DRG neurons of both Fxyd2 +/+ and Fxyd2 −/− mice 4 days after CFA injection (n = 13 for Fxyd2 +/+ mice and n = 14 for Fxyd2 −/− mice, ***P < 0.001 vs Fxyd2 +/+ mice 4 days after CFA injection, before ouabain treatment and ### P < 0.001 vs indicated). The data were shown as the change of membrane potential and statistic analysis was performed for the membrane potential between the indicated groups. (F) The current (70 pA, 200 ms) was injected to induce sustained firing of IB4-positive small DRG neurons. Representative traces showed that the firing frequency of AP was increased in IB4-positive small DRG neurons from Fxyd2 +/+ mice 2 and 4 days after CFA injection, whereas the firing rate of AP was decreased in the neurons from Fxyd2 −/− mice 4 days after CFA injection. The number of IB4-positive small DRG neurons with a low firing frequency of AP (0-3 APs per stimulation) was decreased gradually in Fxyd2 +/+ mice after CFA injection, but was increased in Fxyd2 −/− mice 4 days after CFA injection (n = 42 for control, n = 39 for CFA 2 days and n = 50 for CFA 4 days in Fxyd2 +/+ mice; n = 59 for control, n = 46 for CFA 2 days and n = 57 for CFA 4 days in Fxyd2 −/− mice).
subset of small DRG neurons and other FXYD2-expressing small DRG neurons. Notably, the FXYD-mediated regulation appears to be an intrinsic mechanism contributed by a γ subunit component of NKA, which negatively regulates the activity of the α subunit. The activity of the α subunit could simultaneously be positively regulated by endogenous activator FSTL1 in small DRG neurons [7] . This regulatory mechanism is independent of FXYD: neither FXYD2 overexpression in COS7 cells nor FXYD2 deletion in DRG neurons visibly affected the FSTL1-induced increase in NKA activity. Thus, the α1NKA activity in sensory afferent neurons is regulated directly by at least two distinct mechanisms, FXYD2 for inhibition and FSTL1 for activation ( Figure 6C ).
FXYD2 regulates the neuronal membrane potential and synaptic transmission
NKA plays an essential role in the maintenance of resting membrane potential. The electrical potential of plasma membrane contributed by NKA is usually less than 10 mV [32] . One could expect a corresponding change in NKA activity and the membrane potential in neurons. The present study showed that FXYD2 deficiency caused a change of ~4 mV in the membrane potential in IB4-positive small DRG neurons of mice, leading to membrane hyperpolarization, which would reduce the neuronal excitability ( Figure 6C ). This function of FXYD2 provides a considerable scope for regulation of the membrane potential by changing the number of this γ subunit in the NKA complex or by altering the biochemical properties or protein conformation of FXYD2. Previous studies have shown that a relatively small change in the membrane potential by modulating the NKA activity can markedly affect the synaptic transmission [33] . We found that loss of FXYD2 increased the number of small DRG neurons with a low frequency of AP firing, and it reduced the sEPSC frequency in the dorsal spinal cord. Thus, FXYD2 is required for regulating the firing rate of small DRG neurons and maintaining the afferent synaptic transmission within the physiological range.
The above notion is also supported by our findings from the CFA-induced inflammatory pain model. The interaction between FXYD2 and the α1 subunit of NKA was gradually increased after inflammation, and the corresponding reduction in NKA activity led to membrane depolarization in small DRG neurons and the increase of sEPSC frequency in the dorsal spinal cord ( Figure  6C ). These effects were attenuated in Fxyd2 −/− mice, suggesting that FXYD2 is involved in the regulation of nociceptive afferent transmission after peripheral inflammation. Interestingly, we did not find apparent alterations +/+ mice was increased 2 and 4 days after CFA injection, and it was reduced to the basal level 14 days after CFA injection (n = 21 for control, n = 11 for CFA 2 days, n = 10 for CFA 4 days and n = 15 for CFA 14 days). In Fxyd2 −/− mice, the increase of sEPSC frequency appeared 2 days after CFA injection, but was not detected 4 days after CFA injection (n = 11 for control, n = 12 for CFA 2 days, n = 14 for CFA 4 days and n = 20 for CFA 14 days). (B) The mean frequency of sEPSCs in Fxyd2 −/− mice was reduced to 58% of that in Fxyd2 +/+ mice. Two days after CFA injection, the increase in sEPSC frequency in Fxyd2 −/− mice was less pronounced than that in Fxyd2
mice. The increase of sEPSC frequency was absent in Fxyd2 −/− mice 4 days after CFA injection. The changes of sEPSC amplitude in Fxyd2 −/− mice were similar to those in Fxyd2 +/+ mice. The increase in sEPSC frequency was not detected in either Fxyd2 +/+ or Fxyd2 −/− mice 14 days after inflammation. *P < 0.05, **P < 0.01 and ***P < 0.001 vs Fxyd2 +/+ mice, and # P < 0.01 and ## P < 0.01 vs indicated. (C) Proposed model for two regulatory mechanisms of α1NKA at the axonal terminals of nociceptive afferent fibers. First, membrane depolarization triggers Ca 2+ -dependent exocytosis of synaptic vesicles and FSTL1 vesicles. Secreted FSTL1 activates the presynaptic α1NKA to hyperpolarize the membrane (Vm) and reduce Ca 2+ influx, enabling an inhibitory regulation of the excitatory synaptic transmission. Second, FXYD2 interacts with α1NKA and reduces α1NKA activity. Such an effect of FXYD2 can be facilitated by peripheral inflammation, resulting in membrane depolarization and the facilitation of synaptic transmission.
in the expression of α1, α3 and β1 subunits of NKA or FXYD2 and FSTL1 in the DRG after inflammation. Previous studies showed that FXYD2 proteins inhibited NKA activity by reducing its affinity for Na + in kidney [34, 35] , and FXYD proteins reversed oxidative inhibition of NKA activity via facilitating deglutathionylation of the β1 subunit in cardiac myocytes [36] . However, in our study the contribution of the increased FXYD2/α1N-KA interaction to the inflammation-induced facilitation of sensory afferent neurotransmission provides the first line of evidence that NKA activity can be regulated by changing the strength of interaction with the γ subunit in a state-dependent manner in the nerve system.
FXYD2 is required for maintaining inflammation-induced mechanical allodynia
The predominant expression of FXYD2 in IB4-positive small DRG neurons and its co-localization with MRGPRB4 and MRGPRD suggest that FXYD2 is involved in the regulation of mechanosensation, because MRGPRB4-positive neurons are activated by massage-like stroking of hairy skin and MRGPRD-positive neurons are activated by pinching but not by stroking [24] . Inflammatory mediators activate protein kinase Cε in IB4-positive nociceptors to produce a neuroplastic change that allows pronociceptive inflammatory mediators to produce the enhanced and prolonged mechanical hyperalgesia [37, 38] . Moreover, FXYD2 is found in TH-positive small DRG neurons, which function as C-low-threshold mechanoreceptors [25] . FXYD2 might also be present in a population of peptidergic small DRG neurons that are involved in both thermal and mechanical hyperalgesia [18, 39] . Therefore, the cellular distribution of FXYD2 suggests a role for FXYD2 in various mechanosensation phenomena and mechanical nociception.
Our study suggests that the FXYD2-induced negative regulation and the FSTL1-triggered activation of α1NKA contribute to the mechanism that homeostatically regulates the NKA activity, membrane potential and afferent synaptic transmission in a state-dependent manner ( Figure  6C ). Under normal circumstances, FSTL1-triggered activation of α1NKA would be more dominant than the effect of FXYD2 because both thermal and mechanical nociceptive responses were facilitated in FSTL1-deficient mice, but not in Fxyd2 −/− mice. Moreover, FXYD2-null mice did not display any apparent defects in the formalin-induced nociceptive responses. Intriguingly, FXYD2 deletion impaired the maintenance, but not the initiation, of inflammation-induced mechanical allodynia, which lasted for at least 3 weeks in Fxyd2 +/+ mice [40, 41] . The mechanisms for maintaining the inflammation-induced mechanical allodynia have been largely unclear, though some factors such as activin C released from small DRG neurons can partially alleviate mechanical allodynia [40] . FSTL1 did not reduce the inflammation-induced nociceptive responses (data not shown), although it reduced the mechanical allodynia induced by nerve injury [8] . Thus, FXYD2 regulation may contribute to a fundamental mechanism underlying the persistence of mechanical pain following inflammation.
Interestingly, the FXYD2/α1NKA interaction gradually increased to a peak 4 days after inflammation. Genetic deletion of FXYD2 led to an elevation of NKA activity and corresponding membrane hyperpolarization in IB4-positive small DRG neurons, as well as a reduction of the inflammation-induced sEPSC frequency on day 4 post inflammation. Moreover, 14 days after inflammation, mechanical allodynia was alleviated in Fxyd2 −/− mice but not in Fxyd2 +/+ mice, although both the FXYD2/ α1NKA interaction and the afferent transmission was also reduced in Fxyd2 +/+ mice. Thus, the facilitation of excitatory afferent inputs on day 4 post CFA treatment, npg www.cell-research.com | Cell Research which was markedly reduced in the absence of FXYD2, may be required to induce the complex modulation of sensory circuits for further development of mechanical allodynia. Taken together, the increased FXYD2/α1NKA interaction in small DRG neurons may be an important mechanism for developing persistent mechanical allodynia, and day 4 post inflammation appears to be a critical time interval for the shift of acute pain to a chronic phase.
We conclude that peripheral inflammation increases the FXYD2/α1NKA interaction in a considerable number of small DRG neurons, particularly in IB4-positive ones, leading to the reduction in NKA activity, depolarization of membrane potential and facilitation of afferent synaptic transmission. Such a response contributes to the mechanism required for developing long-lasting mechanical allodynia during persistent inflammation, suggesting that FXYD2 could be a potential target for inflammatory pain therapy.
Materials and Methods
Animals
Experiments were approved by the Committee of Use of Laboratory Animals and Common Facility, Institute of Neuroscience, Chinese Academy of Sciences. Fxyd2 −/− mice were purchased from Mutant Mouse Regional Resource Centers [42] . The heterozygotes were bred to obtain Fxyd2 −/− mice and Fxyd2 +/+ littermates.
Animal model of inflammatory pain
Adult male mice were injected with 20 or 40 µl CFA in the plantar tissue of the bilateral hindpaws and were sacrificed at the indicated days after injection. L4 and L5 DRGs and spinal cords of mice were isolated for various experiments.
Real-time PCR
Total RNA (1 µg) extracted from the mouse tissues was reverse transcribed using oligo dT primers. Information about the primers for amplifying mRNAs encoding FXYD2, the α1 and β1 subunits of NKA, FSTL1 and GAPDH is provided in Supplementary information, Data S1. PCR was performed with equal amount of cDNA. The mRNA levels of FXYD2, the α1 and β1 subunits of NKA and FSTL1 were normalized to the GAPDH mRNA level. The Fxyd2 level in various tissues was normalized to that in the DRG.
In situ hybridization
Animals were fixed with 4% paraformaldehyde and 0.1% picric acid. L4 and L5 DRGs were dissected and post-fixed for 2 h. The tissue was cryo-protected and sectioned. Probes for the mRNAs encoding FXYD2, the α1 subunit of NKA, MRGPRB4, MRGPRD and TH are listed in Supplementary information, Data S1. The cRNA riboprobes were labeled with digoxigenin or FITC. The DRG sections were treated with proteinase K (10 µg/ml) in DEPC water for 10 min, acetylated and prehybridized in hybridization buffer for 3 h at 67 °C. Then, the sections were incubated with the hybridization buffer containing 1 µg/ml of the antisense probe for 16 h at 67 °C. After hybridization, the sections were incubated with alkaline phosphatase-conjugated sheep anti-digoxigenin antibody (anti-digoxigenin-AP; 1:2 000; Roche Molecular Biochemicals). The staining was developed in 1 µl/ml NBT and 3.5 µl/ml BCIP substrates in alkaline phosphatase buffer.
For in situ hybridization combined with immunostaining, the hybridized sections were incubated with anti-digoxigenin-AP (1:1 000) overnight at 4 °C. After being washed in TNT (TS7.5, 0.05% Tween 20) and TS8.0 (0.1 M Tris-HCl, pH 8.0, 0.1 M NaCl, and 10 mM MgCl 2 ), the sections were incubated with HNPP/FR (1:100) in TS8.0. Once the signals were generated, the sections were washed and then processed for immunostaining.
For double fluorescent in situ hybridization, the probe for FXYD2 mRNA was labeled with FITC, and the probe for the α1 subunit of NKA was labeled with digoxigenin. Both probes were added to the hybridization buffer. After being washed and blocked, the sections were incubated with HRP-conjugated anti-FITC antibody (1:4 000) overnight at 4 °C. After being washed with TNT, the sections were incubated with TSA-Plus (DNP, 1:50) for 10 min. Then, the sections were washed with TNT and incubated with anti-digoxigenin-AP (1:1 000) and Alexa488-conjugated anti-DNP antibody (1:500) in 1% blocking reagent overnight at 4 °C. Sections were washed with TNT and TS8.0, and HNPP/FR (1:100) in TS8.0 was added to develop the staining.
Cell culture and transfection
COS7 cells were cultured in DMEM (Invitrogen) supplemented with 10% fetal bovine serum (FBS; Biochrom). Then the COS7 cells were transiently transfected with plasmids pCDNA3.1-mFXYD2-Myc, pCDNA3.1-mATP1B1-HA and pIRES-EGFPmATP1A1-Flag using Lipofectamine 2000 (Invitrogen). Two days after transfection, the cells were used for various assays.
Immunohistochemistry
Adult male mice were fixed with 4% paraformaldehyde and 1% picric acid. Cryostat sections of DRGs were processed for double-immunofluorescent staining or in situ hybridization combined with immunostaining. The sections were stained with rabbit antibodies against CGRP (1:2 000; 24112, Dia Sorin) or peripherin (1:500; AB1530, Chemicon), or 10 µg/ml fluorescein-conjugated IB4 (Vector Laboratories), or mouse antibodies against NF200 (1:2 000; N2912, Sigma), followed by incubation with Cy3-conjugated donkey secondary antibodies against rabbit (1:500; Jackson ImmunoResearch) and examined under a SP5 Laser Scanning Confocal Microscope (Leica).
Co-immunoprecipitation and immunoblotting
The spinal cord or DRGs or COS7 cells were lysed in icecold cell lysis buffer (50 mM Tris, 150 mM NaCl, 0.1% Triton X-100, 10% glycerol, 0.5 mg/ml BSA and protease inhibitors). The suspended lysate was immunoprecipitated with 0.5 µg mouse antibodies against α1 subunit (MA3-929, ABR) or 0.5 µg rabbit antibodies against Flag (F7425, Sigma) overnight at 4 °C and then with protein G-Agarose beads for 1 h at 4 °C. Immunoprecipitates in the beads were collected. The sepharose was resuspended in icecold cell lysis buffer and incubated in sample buffer (50 mM TrisHCl, pH 7.4, 2% SDS, 5% β-mercaptoethanol, 10% glycerol, 0.01% bromophenol blue) for 20 min at 60 °C. Immunoprecipitated samples and 3% of the lysate were run on SDS-PAGE and subjected to immunoblotting with goat antibodies against FXYD2 (1:500; sc-26100, Santa Cruz) or mouse antibodies against α1 subunit (1:2 000; MA3-929, ABR). Proteins were subsequently visualized with enhanced chemiluminescence. The lysate and immunoprecipitates were exposed separately. The intensity of immunoreactive bands was analyzed with the Image-Pro Plus 5.1 software (Media Cybernetics).
To examine the axonal transport of FXYD2, mice were subjected to surgery and L4-L5 dorsal roots were transected. Three days after the surgery, L4-L5 segment of the spinal cord was dissected, and the proteins collected from the spinal dorsal horn were processed for immunoblotting.
Microsome preparation
Plasma membrane was prepared as described previously [43] . In brief, resuspended COS7 cells or mouse DRG were homogenized on ice by 20 strokes with a tight-fitting Dounce homogenizer in 1 ml homogenization buffer (5 mM HEPES, 1 mM PMSF, 50 µM CaCl 2 , 10% sucrose and 1 mM DTT). Then the homogenate was centrifuged at 1 000× g for 10 min at 4 °C. The supernatant was centrifuged at 12 000× g for 20 min at 4 °C to yield the crude plasma membrane. The obtained pellet was washed, followed by resuspension and recentrifugation at 14 000× g for 20 min at 4 °C. The final pellet was resuspended in 50 mM Tris-HCl buffer (pH 7.4) to obtain microsome. The protein concentration was determined with Lowry method [44] .
Measurement of NKA activity
The NKA activity of membrane preparation from COS7 cells or mouse DRG was measured using NKA activity assay kit (Nanjing Jiancheng Bioengineering Institute) as described previously [43] . Briefly, a 100 µl microsome of COS7 cells or mouse DRG containing 20 µg of protein were incubated with 530 µl of reaction buffer (100 mM NaCl, 20 mM KCl, 2 mM MgCl 2 , 30 mM Histidine, pH 7.4) for 10 min at 37 °C. To measure the ouabain-insensitive ATPase, the same buffer was used but with 1 mM ouabain. The reaction was carried out by adding 50 µl of ATP disodium solution (final ATP concentration: 2.5 mM). After incubation for 10 min at 37 °C, the reaction was terminated by adding trichloroacetic acid (50%, 100 µl). The reacted solution was centrifuged at 4 000 rpm/min for 10 min at 4 °C. Then 1 ml of ammonium molybdate color reagent was added to 300 µl of the supernatant for 5 min. The absorbance was read at 636 nm in a spectrophotometer, using Na 2 HPO 4 as a standard. NKA activity was measured by subtracting ouabain-insensitive Mg 2+ -ATPase activity from the total ATPase activity. The NKA activity levels in COS7 cells and DRG neurons were 23-87 and 123-310 nmol/min/mg protein, respectively. We also performed the time course of NKA activation by adding ATP into the reaction buffer with the purified microsome. To terminate the reaction, trichloroacetic acid was added after incubation for 1, 3, 5, 10, 20 or 30 min at 37 °C. NKA activity was plotted against the reaction time, which showed that NKA activity detected at 10 min fitted in the liner range of NKA activity time curve (Supplementary information, Figure S4 ).
Electrophysiological recording
L4 and L5 DRGs of mice were dissected and digested with collagenase (1 mg/ml), trypsin (0.4 mg/ml) and DNase (0.1 mg/ml) in DMEM for 30 min at 37 °C. After trituration, freshly dissociated DRG neurons were plated on coverslips and incubated in the ECS (150 mM NaCl, 5 mM KCl, 5 mM CaCl 2 , 1 mM MgCl 2 , 10 mM HEPES, pH 7.34) for at least 1 h. The freshly dissociated neurons were incubated with fluorescein-conjugated IB4 (1:1 000, FL-1201, Vector Laboratories) in ECS for 10 min. Cell recording was carried out in ECS with patch pipettes (resistance of 3-6 MΩ). The translucent and brilliant small DRG neurons labeled with fluorescein-conjugated IB4 were patched and recorded. The whole-cell configuration was obtained in voltage-clamp mode before proceeding to current-clamp recording. Whole-cell recordings were performed using the Axopatch 700B amplifier, digitized using the Digidata 1440A interface, and controlled using pCLAMP10.1 software. For detection of membrane potential, the DRG neuron was first subjected to whole-cell recording in voltage-clamp mode at −70 mV. After 5 min, the program was switched to current-clamp mode and no current was injected in the neuron. The membrane potential was recorded for at least 4 min. The values of membrane potential within 1-4 min of recording were averaged to be the mean value. During the recording, the variation of membrane potential was < 1 mV. The noise of membrane potential recording was < 0.2 mV. To induce a single AP for analysis of AHP, a single pulse (15 ms, 100 pA) was injected into the DRG neurons under current-clamp mode. To induce repetitive firing of AP, the current with an extended duration (200 ms) and increasing intensity was injected into the DRG neuron.
Transverse slices of spinal cord of adult mice were prepared for whole-cell recordings. Lamina II was a translucent band in the superficial dorsal horn of spinal cord under microscope. The pipette solution contained 135 mM K-gluconate, 0.5 mM CaCl 2 , 2 mM MgCl 2 , 5 mM KCl, 5 mM EGTA, 5 mM HEPES and 5 mM D-glucose. Resistance of patch pipettes was typically 4-10 MΩ. Currents were filtered at 2 kHz and digitized at 5 kHz using the Axopatch 200B and analyzed by pCLAMP10.1. Holding potential was −70 mV. sEPSCs were studied in the presence of 20 µM bicuculline and 2 µM strychnine. Frequency and amplitude of sEPSCs were analyzed.
Behavior tests
For behavior testing, Fxyd2 −/− mice and littermates were habituated, and tests were performed blind to genotype. Procedures for rotarod test, radiant heat test, hot plate test and formalin test are provided in Supplementary information, Data S1. Mechanical threshold of the hindpaw was determined with von Frey fibers. Mechanical stimuli were applied using ascending graded individual monofilaments. A von Frey filament was applied 5 times (several seconds for each stimulus) to each testing site of the hindpaw. The bending force of the von Frey filament to evoke paw withdrawal with over 50% occurrence frequency was determined as the mechanical threshold.
After intraplantar injection with 20 µl CFA, the thermal hyperalgesia only persisted for 1 week, whereas the mechanical allodynia persisted for 2 weeks. After injection with 40 µl CFA, the thermal hyperalgesia persisted for 2 weeks and the mechanical allodynia persisted for 4-5 weeks. To avoid the ceiling effect, we chose both the low dose (20 µl) and high dose (40 µl) of CFA for detection of thermal hyperalgesia. The measurements were performed before and 1, 2, 4 and 7 days after injection. We chose 40 µl CFA for detection of the mechanical sensitivity using the von npg www.cell-research.com | Cell Research Frey test, and these measurements were performed before and 1, 2, 4, 7, 14 and 21 days after injection.
Statistical analysis
Statistical analysis for enzyme activity, behavior tests, and electrophysiology was performed by Student's t-test or paired t-test. Comparisons between multiple groups were performed using ANOVA with a post hoc Bonferroni's test. Statistical analysis for firing frequency was performed by χ 2 test. Data are presented as mean ± SEM. Differences were considered statistically significant when P < 0.05.
Details of the materials and experimental procedures are provided in Supplementary information, Data S1.
